Abstract. Adipose-derived stromal vascular fraction (SVF) cells are heterogeneous in nature, containing a number of different cell types. Recent studies indicate that CD34 may be a specific marker for adipose-derived mesenchymal stem cells (ADMSCs). Using their participation in hair morphogenesis as a model, the multi-differentiation potential of adult stem cells was investigated. In addition, adipose tissue or adipogenic lineage cells appear to be associated with the hair follicle cycle. The purpose of this study was to test the potential of CD34 + cells enriched from fat tissue in hair morphogenesis. To investigate this, unsorted SVF, CD34
+ and CD34 -cells sorted from the SVF of green fluorescence protein (GFP) transgenic mice were mixed with fetal mouse keratinocytes and dermal fibroblasts of gestational day 17.5 (E17.5) and then subcutaneously injected into nude mice. The results showed that in the reconstituted skin tissue, larger tissue blocks with more developed hair follicles were observed in the CD34 + cell group compared with the other two groups. Histological and immunofluorescent staining analyses revealed that only CD34 + cells may participate in hair morphogenesis by their integration into dermal sheath structures. However, no involvement in other skin appendages was observed. In addition, differentiation into endothelial cells and participation in blood vessel formation were also observed in both CD34
+ and SVF cells, but not in CD34 -cells. As expected, participation in adipogenesis was observed in all groups. Our results suggest that CD34 + cells may represent the ADMSCs which possess stronger multiple differentiation potential during reconstituted skin development.
Introduction
Adipose-derived stem cells (ASCs) are considered to be an ideal source for tissue regeneration due to their high proliferative capability and their multi-lineage differentiation potential, such as adipogenic, osteogenic and chondrogenic lineage differentiations (1, 2) . Hair follicles are unique organs in mammals, containing multiple tissue types. Previous studies have revealed a close correlation between subcutaneous adipose tissue and hair follicle formation and function (3, 4) .
However, it is not clear whether ASCs are capable of directly participating in hair follicle morphogenesis. In fact, several studies have revealed that bone marrow-derived stem cells (BMSCs) participate in skin appendage formation. Kataoka et al (5) have demonstrated that murine BMSCs are capable of differentiating and participating in hair follicle formation when implanted with embryonic mouse skin cells (at gestational day 17.5) in a skin reconstitution model of nude mice. Another study showed that BMSCs induced by co-culture with sweat gland cells participate in the formation of sweat glands and other skin appendages (6). Whether or not ASCs have the capability similar to BMSCs to participate in hair follicle morphogenesis has yet to be explored.
It has recently been recognized that ASCs are a heterozygous cell population containing multiple cell types, including vascular endothelial cells, pre-adipocytes, smooth muscle cells, hematological lineage cells, hematopoietic stem cells and mesenchymal stem cells (MSCs) (7) . Therefore, to examine the ability of ASCs to participate in hair morphogenesis it would be ideal to use MSCs purified from ASCs. Currently, adipose-derived MSCs (ADMSCs) are considered to reside in a perivascular location and CD34 may be one of the specific markers for MSC identification and enrichment from adipose tissue (8, 9) .
In this study, cells freshly isolated from mouse adipose tissue (stromal vascular fraction, SVF) were sorted using flow cytometry to give rise to three subgroups: i) CD34 Cell isolation and flow cytometry sorting. As previously described (8) , the inguinal adipose tissues were harvested from 6-8-week-old GFP-transgenic mice and then digested at 37˚C with 0.075% collagenase (NB4, Serva, Coger, Paris, France) in phosphate-buffered saline (PBS) containing 2% bovine serum albumin (BSA) for 60-90 min. After filtration through a 40-µm nylon filter mesh (BD Falcon, Franklin Lakes, NJ, USA) and centrifugation, the freshly isolated SVF cell portion was resuspended in PBS containing 1% fetal bovine serum (FBS) for antibody labeling. For cell sorting, isolated SVF cells were stained with phycoerythrin (PE)-conjugated rat anti-mouse CD34, PE-Cy5 conjugated rat anti-mouse CD45 and CD31 (1:100 in PBS containing 1% FBS, BD Biosciences, San Jose, CA, USA) and biotin-conjugated rat anti-mouse hematological lineage cocktail (1:100 in PBS containing 1% FBS, BD Biosciences) followed by a PE-Cy5 conjugated streptavidin secondary antibody (1:1,000 in PBS containing 1% FBS, BD Biosciences). The cells were washed twice and resuspended in PBS containing 1% FBS followed by fluorescence-activated cell sorting (FACS, Beckman Coulter, Miami, FL, USA) and analyzed on a FACSort with CellQuest Pro v5.2. Isolation of mouse fetal epidermal and dermal cells. Briefly, fetal mouse dorsal skins were harvested from C57BL/6 mouse embryos of gestational day 17.5 (E17.5), and then incubated in 0.2% dispase (Roche Diagnostics, Indianapolis, IN, USA) dissolved in Dulbecco's modified Eagle's medium (DMEM, Gibco BRL, Gaithersburg, MD, USA) containing 10% FBS overnight at 4˚C. Subsequently, the epidermis was mechanically separated from the dermis using forceps. Then, the epidermis and the dermis were digested with 0.2% collagenase (Sigma, St. Louis, MO, USA) in PBS for 1 h at 37˚C. After digestion, the two dissociated cell types were washed in DMEM containing 10% FBS and then collected and counted before grafting.
Cell grafting. The hair morphogenesis model was performed as previously described (5) . Male athymic nude mice were anaesthetized by intraperitoneal injection of pentobarbital sodium (1.3 mg/kg body weight). Briefly, 1x10 6 6 fetal mouse epidermal cells and 1x10 6 fetal dermal cells Table I . Quantitative analysis of cell participation rate in forming different tissues. Data represent slides positive for GFP cells/total examined slides. HF, hair follicle; BV, blood vessel; AT, adipose tissue. Total positive and examined slide numbers combined from 3 specimens were subject to the Chi-square test. Significant differences in participation rate of HF, BV and AT were observed among the three groups (P<0.05). SVF, stromal vascular fraction; GFP, green fluorescence protein.
respectively, and then injected subcutaneously by inserting the pipette tip into the dorsal skin (n=3). After recovery from anesthesia, mice were caged individually and then sacrificed at 3 weeks post-cell transplantation and tissue specimens were harvested and subjected to various studies.
Histological analysis and immunofluorescent staining.
For the immunofluorescent analysis, freshly harvested dorsal skin, including implanted tissue, were fixed for 4 h at room temperature in PBS containing 4% paraformaldehyde and 10% glutaraldehyde, and then switched to PBS containing 30% glutaraldehyde overnight at 4˚C. The fixed tissues were embedded quickly into embedding medium (OCT). The tissues were subsequently frozen and sectioned at the thickness of 10 µm. Sections were first permeabilized in PBS supplemented with 0.25% Triton X-100 for 60 min followed by blocking with 10% goat serum in PBS at room temperature. The sections were then stained with rabbit anti-mouse CD31 Quantitative and statistical analyses. The positive and negative slide numbers derived from the groups of hair follicle, blood vessel and fat tissue were counted. Both positive and negative numbers derived from 3 examined specimens of each group were respectively combined, and a Chi-square analysis of the data was performed. A P-value of <0.05 was considered to indicate a statistically significant result (Table I) .
Results

Sorting of CD34
+ cells. Adipose-derived SVF cells were sorted based on antibody cocktail staining. Generally, 6.14±2.95% of CD34 + cells could be isolated from the gated SVF portion. Further functional characterization revealed that CD34 + cells possessed more potent multi-differentiation potential, stronger proliferative capability and an increased colony forming ability (data not shown) than the cells of the other two groups, indicating that CD34 + cells may represent the mesenchymal stem cells enriched from adipose tissue (ADMSCs).
Participation of CD34
+ cells in hair follicle morphogenesis. As previously described (5) and outlined in Fig. 1A, CD34 + ,
CD34
-and unsorted cells were mixed with mouse fetal keratinocytes and dermal fibroblasts, respectively, and implanted subcutaneously into the back of nude mice. After 3 weeks of in vivo implantation, larger tissue blocks were observed in the CD34 + cell group compared with the CD34 -and SVF cell groups. Furthermore, more hair follicles were formed in the CD34 + cell group than in the other two groups, whereas an evident fat mass was observed in the SVF cell group (Fig. 1B) . These findings suggest that CD34 + cells may further enhance hair follicle morphogenesis compared with CD34 -cells and unsorted SVF cells.
As shown in Fig. 2 , when analyzed with H&E staining, CD34 + cells were able to participate in forming hair follicle, blood vessel and fat tissue, as GFP-labeled cells were located at the respective tissues ( Fig. 2A) , but not in other parts of skin tissue. By contrast, no participation of hair follicle morpho- 
A B genesis was observed in both CD34
-cell and unsorted cell groups ( Fig. 2B and C) , indicating that there is a difference in differentiation potential among the three groups of cells.
Characterization of differentiated CD34
+ cells in developed skin tissue. To further confirm the histological findings, immunofluorescent staining was employed to characterize the formed tissue. Consistent with the histological findings, co-localization of GFP cells and other fluorescent staining indicated that CD34 + cells were capable of participating in the formation of multiple tissues in developed skin (Fig. 3,  top panel) . Firstly, GFP-positive cells were often observed surrounding the outer root sheath of hair follicles. However, GFP cells (green) were actually located at the immediate outlayer of the CK15-positive cell layer (a marker for the outer root sheath of the hair follicle, red), demonstrating no co-localization to CK15 (Fig. 3, top left) . This finding suggests that CD34 + cells may be integrated into the formed dermal 
A B C sheath (DS). In addition, co-localization of GFP cells (green) and CD31 cells (red) demonstrated the participation of CD34
+ cells in forming blood vessels (Fig. 3, top middle) . Additionally, co-localization of GFP (green) in the cytoplasm with intracellular lipid drops (red) demonstrated the participation of CD34 + cells in forming fat tissue (Fig. 3, top right) . In contrast to CD34 + cells, no involvement of CD34 -cells and unsorted SVF cells in hair follicle morphogenesis (Fig. 3 , middle left and bottom left) was observed. Although their involvement in fat tissue formation was observable (Fig. 3 , middle right and bottom right), involvement in blood vessel formation was only observed in unsorted SVF cells (Fig. 3,  middle bottom) , but not in CD34 -cells (Fig. 3, middle central) .
Quantitative analysis of cell participation rate. As shown in Table I , the participation rates for the hair follicle, blood vessel and fat tissue groups were 26.89±5.86, 44.33±1.82 and 43.39±1.90% for the CD34 + group, 0.00±0.00, 0.00±0.00 and 21.47±7.62% for the CD34 + group and 0.00±0.00, 32.41±2.92, and 86.78±1.43% for the SVF group, respectively. Statistical analysis revealed a significant difference in the participation rates among each of the three groups (P<0.05).
Discussion
Adult stem cells are derived from various tissues of the body and are able to differentiate and form different types of tissue. Therefore, adult stem cells, such as BMSCs, ASCs, umbilical cord (UC)-MSCs and placenta MSCs are widely explored as potential therapeutic cell sources for tissue and organ regeneration (10) (11) (12) .
The best-studied adult stem cells are BMSCs and their therapeutic potential has already been shown by reported clinical trials with favorable outcomes (13, 14) . However, use of BMSCs is limited as harvesting them in large quantities may be harmful to the human body due to loss of hematopoietic stem cells (15) . By contrast, ASCs possess several advantages over BMSCs as a promising cell source for tissue regeneration and clinical therapy, including easy access to the source, no harm to the donor and the availability of multiple cell types (16, 17) .
Nevertheless, the heterogeneity of the ASC population is also a disadvantage for its application in regenerative medicine (7), since the multiple differentiation potential of ASCs is inhibited by the interference of some factors released from different cell types in the pooled population. For example, the difficulty of regenerating homogeneous cartilage-like tissue by pooled adipose-derived cells (18) is likely due to the functional interference to ADMSCs by other cell types. Therefore, purification and relative enrichment with a specific marker would be a reasonable approach for the functional evaluation of ADMSCs.
A study by Rodeheffer et al (8) showed that ADMSCs may be enriched by a series of surface markers including CD29, Sca-1 and CD34. Tang et al (9) showed that ADMSCs may be the vascular pericytes residing in the adipose stromal vascular fraction. Several other studies also demonstrated similar results. Lin et al (19) and Traktuev et al (20) illustrated that ASCs reside at in a perivascular location and CD34 is abundantly expressed in all blood vessels in human adipose tissue. All this evidence suggests that CD34 may be able to serve as a relatively specific marker to enrich ADMSCs. Our study showed that mouse primary CD34 + ASCs sorted from SVF portion cells are more potent in cell proliferation, clone formation and multi-differentiation compared with CD34 -and unsorted SVF cells. In addition, the CD34 + cell population also largely overlaps with the CD29 + and Sca-l + cell populations (data not shown). These results indicate that CD34 may serve as a relatively specific marker for enriching ADMSCs.
Hair follicles consist of concentric epithelial sheaths (hair shaft, inner root sheath, outer root sheath) surrounded by DS that is connected to a dermal papilla (DP) at the base of the follicle (21) . In fact, numerous studies have shown that the hair follicle's regenerative cycle, induced by follicular stem cells, is closely associated with adipose tissue and adipogenic lineage cells. For example, the thickness of the intradermal adipocyte layer in the hair follicle active cycle (anagen) increases significantly compared with the thickness of that in the resting phase of the hair cycle (22, 23) . Furthermore, reduced intradermal adipose tissue in transgenic mice models result in abnormalities in skin structure and function such as hair loss, epidermal hyperplasia and abnormal sebaceous gland function (4, 24, 25 (5) confirmed that BMSCs were capable of differentiating into various cell types, including epidermal keratinocytes, sebaceous gland cells, follicular epithelial cells, dendritic cells and endothelial cells, using this model. In addition, skin-derived precursors (SKPs) can clonally differentiate into dermal cell types and induce hair follicle morphogenesis (26). Yoo et al (27) showed that UC-MSCs, another type of adult stem cell, is able to differentiate and form DP-like tissues and induce new hair follicles.
In this study, we examined the multi-potency of mouse adipose-derived MSCs purified by CD34 using a reported hair follicle-reconstitution model. The results demonstrated that only CD34 + cells were able to participate in hair follicle morphogenesis by contributing to the DS formation. Quantitative analysis revealed a participation rate of ~27% in DS structures in the CD34 + group, whereas a 0% participation rate was found in the other two groups with a statistically significant difference among the three groups (P<0.05). A number of studies suggest that DS plays a key role in hair induction. For example, Yamao et al (28) reported that DS formation is critical to the normal development of hairs with hair shafts. In addition, previous studies demonstrating that DS cells and DP cells can be transformed into each other (29) , and that lower DS cells can regenerate the DP (30) . Moreover, the study by Biernaskie et al (26) also highlighted that SKPs are capable of differentiating into interfollicular dermal cell types in vivo, including DS and DP cells.
This study also revealed that CD34 + cells may be involved in blood vessel formation by differentiating into endothelial cells, besides the differentiation to adipocytes. By contrast, CD34
-cells were unable to participate in hair follicle morpho-genesis and blood vessel formation. Unsorted SVF may participate in blood vessel formation due to their contained endothelial cells in the pool. However, quantitative analysis revealed there was a significant difference in the participation rate between CD34 + and SVF groups (P<0.01). These results, in addition to previous findings (8, 9, 19, 20) , indicate that CD34 may serve as a valid marker to enrich ADMSCs.
When compared with BMSCs that participate in the morphogenesis of multiple skin appendages, CD34-enriched adipose cells appear less potent than BMSCs in multiple differentiations, particularly in skin cell differentiation and tissue formation. This finding also agrees with other findings that the differentiation potential varies among different types of adult MSCs, and BMSCs appear to possess better stemness compared with other adult-type MSCs (15, 18) .
